Protein synthesis is one of the most important reactions in the cell. Recent experimental studies indicated that this complex reaction can be achieved with a minimum complement of 36 proteins and ribosomes by reconstituting an Escherichia coli-based in vitro translation system with these protein components highly purified on an individual basis. From the protein-protein interaction (PPI) network of E. coli proteins, these minimal protein components are known to interact physically with large numbers of proteins. However, it is unclear what fraction of E. coli proteins are linked functionally with the minimal protein synthesis system. We investigated the effects of each of the 4194 E. coli ORF products on the minimal protein synthesis system; at least 12% of the entire ORF products, a significant fraction of the gene product of E. coli, affect the activity of this system. Furthermore 34% of these functional modifiers present in the PPI network were shown by mapping to be directly linked (i.e. to interact physically) with the minimal components of the PPI network. Topological analysis of the relationships between modifiers and the minimal components in the PPI network indicated clustering of the minimal components. The modifiers showed no such clustering, indicating that the location of functional modifiers is spread across the PPI network rather than clustering close to the minimal protein components. These observations may reflect the evolutionary process of the protein synthesis system. Molecular & Cellular Proteomics 7:1530 -1540, 2008.
The protein translation reaction (1) , one of the most important regulators of cell behavior, involves the interactions of a large number of components and can thus be seen as an intermolecular interaction network. It has been demonstrated experimentally that 36 enzymes and the ribosomes are sufficient to carry out protein translation (2) . These minimal protein components include the ribosomal proteins; initiation, elongation, and release factors; aminoacyl-tRNA synthetases; and enzymes involved in energy regeneration. This was demonstrated by constructing an Escherichia coli-based reconstituted in vitro translation system with these protein components highly purified on an individual basis.
Although the genome of E. coli contains more than 4000 genes (3), constituting a very large interaction network (4, 5) , the number of protein components constituting the minimal protein synthesis system corresponds to only 2.1% of the genes encoded in the genome. Thus, only small subsets of the protein components are required for protein synthesis. On the other hand, a number of previous studies, including protein-protein interaction (PPI) 1 network analysis in E. coli (4, 5) , indicated that protein components constituting the minimal protein synthesis system interact with a large number of other proteins. To gain a deeper understanding of the protein translation system, it is important to identify not only the proteins that interact physically but also those that interact functionally, i.e. those that affect the activity of the translation machinery. Although there have been many studies to characterize the properties of such individual proteins in detail (e.g. Refs. 6 and 7), there have been no previous attempts to search for such proteins in the entire genome. Hence it is not clear what fraction of gene products of E. coli are linked functionally with the minimal protein synthesis system.
The PPI network shows the physical interactions between the proteins, and such networks from various organisms, including E. coli (4, 5) , Saccharomyces cerevisiae (8, 9) , Drosophila melanogaster (10) , Caenorhabditis elegans (11) , and Homo sapiens (12, 13) , have been investigated; the results of these studies have indicated that proteins are highly connected with each other. As the protein translation system is embedded in such a large interaction network, we were also interested in the topological relationships between the mini-mal components and those that are functionally linked with them in the PPI network of E. coli; these may provide insight into the topological structure and evolution of the protein synthesis system.
In the present study, we first performed an experimental search for ORF products of the E. coli genome that affect the activity of the translation system utilizing two resources: ASKA library (a complete set of E. coli K12 ORF archive) and the PURE system (protein synthesis using recombinant elements). The ASKA library is the complete set of cloned E. coli ORF genes (14) , and the PURE system is an E. coli-based protein synthesis system composed of the minimal protein components (2) . As this is a reconstituted system comprised of defined components, it differs from other conventional cell extract-based in vitro translation systems (15, 16) , which contain a number of unidentified components. Therefore, the system described here is highly suited for comprehensive analysis of the effects of each ORF product on the translation system. By measuring the effects of individual ORF products on the green fluorescent protein (GFP) synthesis reaction using the PURE system, we demonstrated that at least 12% of the 4194 ORF products of E. coli can affect the activity of the system. We designated these as functional modifiers of the protein synthesis reaction composed of minimal protein components. We then mapped each of the components involved in the protein synthesis reaction on the PPI network of E. coli (4) . Network analyses indicated that functional modifiers seem to be spread across the PPI network rather than clustering close to the minimal protein components. A possible interpretation of this observation in relation to the evolutionary process of the protein synthesis system is discussed.
EXPERIMENTAL PROCEDURES
Preparation of DNA Fragments-The ASKA library was provided by the National BioResource Project (National Institute of Genetics, Shizuoka, Japan). Plasmids of the ASKA library (14) were purified using a MultiScreen Plasmid DNA purification kit (Millipore Corp.) in accordance with the manufacturer's instructions. Individual E. coli ORF DNA fragments were amplified by PCR using each of the 4211 plasmids as a template with the primers pqe2ϩ (5Ј-CTCGAGAAAT-CATAAAAAATTT) and cDNA-lumio-stop2 (5Ј-TTATTATTAACAA-CATCCTGGACAACCTTCTCCTTTACTGCGGCCG). Note that only 4194 plasmids gave PCR products. The resulting PCR products encoded E. coli ORF proteins with a tetracysteine tag (17, 18) fused at the carboxyl terminus under the control of the T5 promoter. PCR products were purified using 96-well plates with QIAquick (Qiagen) in accordance with the manufacturer's instructions. Concentrations of the purified PCR products were estimated using PicoGreen double-stranded DNA quantification reagent (Invitrogen) with DNA as a standard, and their purity was confirmed by agarose gel electrophoresis.
The GFP DNA fragment was amplified by PCR using pETG5tag (19) as a template with the primers T7F (5Ј-TAATACGACTCACTATAGGG) and T7R (5Ј-GCTAGTTATTGCTCAGCGG), and the resulting PCR products were purified and quantified as described for the ASKA library. The GFP used was GFPuv5, which was constructed previously by Ito et al. (20) .
Screening of the ASKA Library-E. coli ORFs were translated using the PURE system (2) (Post Genome Institute). The PURE system reported by Shimizu et al. (2) did not contain release factor 2 and thus consisted of 35 proteins and the ribosomes, whereas the PURE system used here contained release factor 2 and thus consisted of 36 proteins and the ribosomes. Note that with the exception of myokinase and creatine kinase from chicken muscle cDNA and inorganic pyrophosphatase from S. cerevisiae, the protein components included in the present system were from E. coli. For those not derived from E. coli, we used a corresponding protein of E. coli for PPI network analysis. Briefly aliquots of 10 l of the PURE system containing 0.5 units of E. coli RNA polymerase (EPICENTRE Biotechnologies), 4 units of RNasin (Promega), and 10 nM individual E. coli ORF PCR fragments were incubated at 37°C for 2 h. Subsequently an additional 10 l of PURE system containing 4 units of RNasin, 2 units of Tagetin (21) (EPICENTRE Biotechnologies), 100 pmol of oligonucleotide (5Ј-GTGAGATCCTCTCAT), 100 nM AlexaFluor647 (Invitrogen), and 50 pM GFPuv5 DNA fragment were added to the same tube. Tagetin and oligonucleotide complementary to the initiation codon region of the ORF gene were added to terminate transcription and translation of E. coli ORFs, respectively. Note that both Tagetin and the oligonucleotide used to suppress the reaction from the ORF gene were confirmed to have no influence on the subsequent GFP synthesis reaction (data not shown). AlexaFluor647 was used as an internal dye to normalize the differences in fluorescence intensity among the wells. Real time detection of the GFP synthesis reaction was carried out using a real time PCR system (Mx3005P; Stratagene) at 37°C for 3 h. Filter sets used for measuring GFP and AlexaFluor647 fluorescence intensities were 492/516 and 635/665 nm (excitation/emission wavelength), respectively.
All measurements were carried out in 96-well plates. For each measurement, the tig gene, ybaW gene, and a blank well without any ORF gene were always included as controls. The raw data were then treated as described below. First, the GFP fluorescence intensity value was divided by that of AlexaFluor647 for the same sample (same well) to normalize the differences among wells. Second, the values obtained with the tig gene and without any ORF gene (NoAdd) were used to normalize the differences among different measurements using the equation: FI i normalized Ϫ NoAdd 0 ϭ (FI i Ϫ NoAdd i )(tig 0 Ϫ NoAdd 0 )/(tig i Ϫ NoAdd i ) where FI i normalized and FI i are the green fluorescence intensity before and after normalization, respectively, at the ith measurement; tig 0 and NoAdd 0 are the fluorescence intensities obtained with the tig gene and without any ORF gene, respectively, used as standard values; and tig i and NoAdd i are the fluorescence intensity obtained at the ith measurement with the tig gene and without any ORF gene, respectively. As a consequence of the second normalization, the values of tig i and NoAdd i became constant for all measurements (tig 0 and NoAdd 0 , respectively), and the accuracy of this normalization could be determined from the value of ybaW (see Fig. 1C ).
Synthesis of the ORF product was investigated by adding 5 M ReAsH (17, 18) (Invitrogen). Details are given in the supplemental notes.
When necessary, the reaction mixtures were subjected to SDS-PAGE followed by Western blotting analysis using anti-GFP monoclonal antibody (Nacalai Tesque) and anti-mouse antibody horseradish peroxidase conjugate (Promega) as the primary and secondary antibodies, respectively. Detection was carried out using an ECL Advance Western Blotting Detection kit (GE Healthcare).
Cloning, Expression, and Purification of E. coli ORF Proteins-The ybaW gene was amplified by PCR from the corresponding plasmid of the ASKA library (14) with the primers Eco-cDNA-1 (5Ј-CCATACGG-ATCGAATTCTGAGGCCCTGAGG) and cDNA-stop-Hind-1 (5Ј-AACT-CCAGTTAACTTACTTACTTATTAACTGCGGCCGCATAGGCC). PCR was carried out as described for amplification of the GFP DNA fragment. The resultant PCR fragments were digested with EcoRI and HindIII and cloned into the plasmid pASK-IBA35plus (IBA GmbH) digested with EcoRI and HindIII to generate pTet-ybaW. The genes hrpA, orn, phnH, slyD, tig, and trxC were isolated by digesting the corresponding plasmids from the ASKA library (14) with SfiI and cloned into pTet-ybaW digested with SfiI to yield plasmids pTet-hrpA, pTet-orn, pTet-phnH, pTet-slyD, pTet-tig, and pTet-trxC, respectively.
The plasmids thus obtained were transformed into E. coli BL21 (DE3) cells, which were then grown in LB medium at 30°C. On reaching an A 600 of 0.5, anhydrotetracycline (IBA GmbH) was added to a final concentration of 0.2 nM, incubation was continued for a further 4 h, and cells were then harvested. His-tagged ORF proteins were purified using IMAC. With the exception of HrpA, all proteins were purified essentially as described by Shimizu et al. (2) except that the purified proteins were dialyzed against the stock buffer (25 mM HEPES, pH 7.6, 10 mM KCl, 30% glycerol, and 7 mM ␤-mercaptoethanol) and stored at Ϫ80°C. For purification of HrpA, harvested cells were suspended in 50 ml of buffer (50 mM HEPES-KOH, pH 7.6, 10 mM MgCl 2 , 0.3 mg/ml lysozyme, 0.1% Triton X-100, 1ϫ protease inhibitor mixture for use in purification of histidine-tagged proteins (Sigma-Aldrich), and 7 mM ␤-mercaptoethanol) and passed through a French press. The insoluble fraction was collected by centrifugation at 10,000 ϫ g for 30 min at 4°C. The pellet was resuspended with 50 ml of 50 mM HEPES-KOH, pH 7.6, 1 M NaCl, and 7 mM ␤-mercaptoethanol. In this way, HrpA protein was solubilized from the pellet, and the soluble fraction was subsequently subjected to IMAC. The supernatant was applied to a Ni 2ϩ precharged 10-ml Hi-Trap chelating column (GE Healthcare) and washed with 100 ml of NaHT buffer (50 mM HEPES-KOH, pH 7.6, 1 M NaCl, and 7 mM ␤-mercaptoethanol) containing 10 mM imidazole. HrpA protein was eluted with a linear gradient of 10 -400 mM imidazole in NaHT buffer. Purified HrpA protein was dialyzed against stock buffer supplemented with 0.5 M NaCl and stored at Ϫ80°C.
To evaluate the effects of these ORF proteins on GFP synthesis, the reaction was carried out with the PURE system in the presence of 50 nM AlexaFluor647 (Invitrogen), 500 pM GFPuv5 DNA, and the purified proteins at concentrations of 10, 2000, 2000, 1000, 750, 1500, and 1000 nM for HrpA, Orn, PhnH, SlyD, Tig, TrxC, and YbaW, respectively (Fig. 2) . The reaction mixtures were incubated at 37°C for 3 h, and the green fluorescence intensity was measured as described above for ASKA library screening.
Protein-Protein Interaction Analysis-Protein-protein interaction data of E. coli used in this study were obtained previously (4) and consisted of data for 1360 proteins and 6229 interactions. Note that there was no bias in the presence of components involved in the protein synthesis reaction using the largest interconnected network. Calculations were performed using the software R (The R Project for Statistical Computing). Ortholog data were obtained from the Microbial Genome Database for Comparative Analysis (22) . All calculated values and data for each ORF are shown in supplemental Table 1 .
RESULTS

Strategy for
Comprehensive Analysis-We first established a strategy to investigate the effects of individual ORF products of the E. coli genome on the E. coli-based translation reaction composed of only the minimum number of highly purified protein components, i.e. the PURE system (2) (Fig.  1A ). Throughout this study we used the PURE system as an in vitro translation system. Each of 4211 ORF genes was amplified by PCR using the corresponding plasmids (ASKA library) (14) as templates to produce the constructs shown in Fig. 1A . ORF products were synthesized individually in vitro, and the gfp gene (20) was subsequently added to the same test tubes containing synthesized ORF products (Fig. 1A) . If the ORF products exhibited beneficial or deleterious effects on the translation and/or transcription machinery (with T7 RNA polymerase), the GFP fluorescence intensity would be expected to increase or decrease, respectively, relative to that without any ORF products. In this way, we screened for the effects of all 4194 ORF products of E. coli on the protein synthesis reaction by the minimal set of protein components.
To evaluate the reliability of our measurements, we examined the effects of 1682 ORFs independently twice. Fig. 1B shows the correlation between the first and second independent measurements (all values are given in supplemental Table  1 ). The values shown in Fig. 1B are the observed GFP fluorescence intensities after a 3-h reaction corresponding to the stage at which the synthesis reaction was nearly complete. Pearson's correlation coefficient between two independent measurements was found to be r ϭ 0.74. In addition, the deviation from the gray line (linear regression curve) indicating the errors in the measurements was found to be smaller than that along the gray line representing the variety of the effects of the ORF products. We thus concluded that there was a sufficient correlation between the two independent measurements and that the accuracy of our measurements was sufficient to detect the effect of the ORF product on the GFP synthesis reaction.
Comprehensive Analysis-We then obtained the results with 4194 ORF products using the strategy described above. In Fig. 1C blue circles show a rank ordered plot of the results obtained by analyzing 4194 ORFs (all values are given in supplemental Table 1) , and the green circles indicate the effects of YbaW (putative acyl-CoA thioester hydrolase (23)), used as a control, in 62 independent measurements. The high throughput measurements were carried out in 96-well plates, and thus to obtain all 4194 results, the measurements were carried out multiple times. For each measurement, we used the arbitrarily chosen ybaW gene (23) as a control. As shown below ( Fig. 2A) , the purified product of ybaW (YbaW) had no effect on the GFP synthesis reaction. The value for YbaW was 0.41 Ϯ 0.01 a.u. indicating the accuracy of the measurements. As purified YbaW had no effect on the GFP synthesis reaction ( Fig. 2A) , we defined the region in the distribution where the ORFs with no effects are located as the region within 5ϫ the S.E. from the average value of YbaW (between gray dashed lines). No ORF will appear outside this region due to measurement error unless 1.7 ϫ 10 6 or more ORF samples are measured. We defined the ORFs outside this region (above and below the gray line) as modifiers; thus, 8.2 and 3.8% of the entire ORFs were defined as those that increased and decreased the observed GFP fluorescence intensity, respectively. From these results, the fraction of ORFs affecting the GFP synthesis reaction was found to be at least 12%, and very likely more will interact with the minimal system. This is because our assay was performed with one particular protein, GFP, and requires the ORF products to be expressed in their functional form in vitro (see "Discussion" for details). It should also be noted that 12% includes false positives; however, we consider its fraction to be small as described below. Therefore, we concluded that a significant fraction of ORFs encoded in the genome are functionally linked to the protein synthesis reaction carried out by only the minimum number of protein components.
Validating the Results of Comprehensive Analysis-To verify that the beneficial components defined in Fig. 1C are effective when added to the reaction as purified proteins, HrpA (24) (ATP-dependent RNA helicase), Orn (25) (oligoribonuclease), TrxC (26) (thioredoxin 2), Tig (6, 27) (trigger factor), SlyD (28) (FK506-binding protein-type peptidyl-prolyl cistrans isomerase), and PhnH (29) (carbon-phosphorus lyase complex subunit) proteins (ranked 1, 7, 3, 2, 9, and 4, respectively) were overexpressed and purified from E. coli. In addition to the six purified proteins, YbaW was purified as a control. The effects of these proteins on the GFP synthesis reaction were investigated by adding different concentrations of purified proteins to the reaction at concentrations ranging between 0.25 nM and 5 M (Fig. 2A) . Although the optimum concentration for each protein differed ( Fig. 2A) , addition of six purified proteins resulted in an increase in the fluorescence 
FIG. 1. Effects of the E. coli ORF products on the protein synthesis reaction consisting of the minimal protein components.
A, synopsis of screening strategy. First, ORF products were synthesized in vitro by adding the ORF gene (PCR product) encoded under the control of the T5 promoter. The synthesis of the ORF product can be detected via the tetracysteine tag (17, 18) located at the carboxyl terminus. Subsequently synthesis of the ORF product was specifically suppressed (see "Experimental Procedures" for details), and the gfp gene (PCR product) under the control of the T7 promoter was added. The GFP synthesis reaction was monitored by the increase in green fluorescence intensity, which allowed evaluation of the effect of the presence of the ORF product. B, reproducibility of the measurements. Correlation between the first and second measurements of the effects of 1682 ORFs on the GFP synthesis reaction is shown. Fluorescence intensities after 3 h of GFP synthesis reaction are plotted. The gray line shows the linear regression curve (slope ϭ 0.99). Deviations from the gray line (linear regression curve) represent the errors in the measurements, and the deviation along the gray line represents the variability of the effects of the ORF products. The S.E. (S.D. of the distance of the data from the gray line) was estimated to be 0.016 a.u., whereas the S.D. among different ORF products was 0.042 a.u. C, rank order plot of the fluorescence intensity after 3 h of GFP synthesis reaction in the presence of each of 4194 different ORF products (blue) and in the presence of the ybaW gene measured 62 times independently (green). Numbers on the horizontal axis indicate the ranking of each ORF gene assigned according to its fluorescence intensity among the 4194 ORFs and 62 independent measurements of the ybaW gene. Number 1 is the ORF that gave the highest value. The inset shows the magnification of rank numbers 4237 to 4256, and the gene names are shown above the data. The green line is the average value of ybaW. The gray dashed line is 5 times the S.E. of the results of ybaW.
intensity, but there was no increase with the control protein YbaW (Fig. 2B) . Furthermore when all six proteins (HrpA, Orn, PhnH, SlyD, Tig, and TrxC) were added at the optimum concentrations, the fluorescence intensity increased by 2.44-fold (Fig. 2B, Complete) . We also investigated whether the mixture of these six proteins was effective in increasing the yields of the synthesized proteins and found no detectable differences in the yield (inset). SlyD (28) and Tig (6, 27) are known as chaperones and indeed were effective in increasing the yield of functional GFP (Fig. 2B) . HrpA (ATP-dependent RNA helicase), which showed the maximum effect among the six, has been reported to be involved in mRNA processing (30) but has not been shown to increase the fraction of functional proteins during the translation reaction. The roles of Orn, TrxC, and PhnH remain to be determined. Nevertheless it is important to note that we were able to verify the results obtained through comprehensive analysis using purified proteins.
We then evaluated whether the effects of these proteins were additive (Fig. 2C) . That is, we examined whether the mechanisms responsible for the increase in GFP fluorescence by each protein were independent. Each of the six proteins was omitted from the mixture of the six (Fig. 2B, Complete) , and the decrease in fluorescence intensity relative to that with the mixture of all six proteins was measured. Fig. 2C shows the correlation between the increase in observed fluorescence intensity with addition of one of the six proteins and the decrease in the observed fluorescence intensity with the omission of one of the six proteins during GFP synthesis reaction. If the effects were additive, the plots would be expected to align on the line with a slope of 1 (Fig.  2C, gray line) . This was almost the case with five proteins identified (HrpA, Orn, Tig, PhnH, and TrxC) indicating that their mechanisms of action on the GFP synthesis reaction are independent. The additivity observed here and its relationship with the protein-protein interaction network are discussed below.
As shown in Fig. 1C , inset, we found 10 ORF products that completely suppressed the GFP synthesis reaction in addition to many that decreased the efficiency to a lesser extent. These genes included those encoding the transcriptional repressor LacI (31) (GFP DNA construct used contained the lacO region), toxins (32-34) (ChpA, ChpB, RelE, and YoeB) known to exhibit ribosome-dependent nuclease activity, and the nuclease Rnt (35) (supplemental Fig. 1A) . Thus, our data were consistent with previous observations. Note that we confirmed suppression of the protein synthesis reaction of several proteins by SDS-PAGE (supplemental Fig. 1B) . On the other hand, a functionally uncharacterized protein (YhaV), DNA polymerase I (PolA (36)), and GTP cyclohydrolase II (RibA (37)) were also found to be lethal for the reaction. YhaV protein has been reported to exhibit distant but significant similarity to RelE toxin protein (38) , and based on this observation, YhaV protein was proposed to be a toxin member of the toxin-antitoxin system. We found that YhaV protein completely inhibited the translational machinery, similar to other toxin proteins. Our results together with those reported recently by Schmidt et al. (39) represent experimental evidence that YhaV protein may be a new toxin member of the toxin-antitoxin system. However, the bases of the inhibitory effects of PolA, RibA, and many other proteins have yet to be determined.
Functional Classification of the Modifiers-Approximately 60% of E. coli ORF products have experimentally assigned functions (3). Therefore, we investigated the functional classification of the modifiers (Fig. 3) . We found that ϳ40% of the modifiers do not have experimentally assigned functions (Fig.  3A) . Note that we included those assigned as "predicted functions" by Riley et al. (3) as "unknown." Nevertheless ϳ15% remained unknown even after classifying the predicted products based on their predicted functions. These results indicate that our data will be useful in future studies on individual proteins.
We also investigated the ratio of proteins belonging to each functional classification and compared the differences between the entire data set and the modifiers (Fig. 3B) . We found that with the beneficial component fraction those classified as enzyme and carrier proteins were significantly increased, whereas those classified as transporters, membrane proteins, and structural components were significantly reduced relative to the entire data set (blue bars with stars). With the deleterious component fraction, those classified as cell process components were significantly increased (red bar with a star). The levels of membrane proteins, which are likely to misfold and aggregate when expressed in vitro, were not increased in the deleterious component fraction. These observations suggested that the GFP synthesis reaction is not affected by the Table 1 . The group "Others" consisted of "leader peptide," "pseudogenes in common between strains," "phage in common between strains," and "predicted phage in common between strains" depicted in supplemental Table 1 . Unknown consisted of "partial information," "unidentified protein," "W3110-specific protein", and those with predicted functions (3) as depicted in supplemental Table 1 presence of aggregating and sticky proteins and that the majority of the deleterious components do not inhibit the GFP synthesis reaction via stickiness of the modifiers. We focused on the individual functions of the modifiers with increased ratios relative to the entire data set and found for example that 40 Fe-S cluster-containing proteins (carrier proteins) were clustered close to and within the beneficial region (Fig. 3C) . Although the basis of this observation is not yet clear, this result indicates that proteins belonging to this class stimulate GFP synthesis. It is also important to note that the differences in the ratios of functional classification of the modifiers from the entire data set indicate that the modifiers were not selected randomly but instead that there were reasons for their selection.
Distance of the Modifiers from the Minimal Protein Components in the Protein-Protein
Interaction Network-The PPI network showed physical contact between the proteins, but these were not necessarily functional. Therefore, we investigated whether the experimentally identified modifiers tend to have direct contact with the minimal components in the PPI network. At present, two sets of data are available for the E. coli PPI network (4, 5) . In this study for further analysis, we used the data of Butland et al. (4) that consisted of 1255 proteins among the ϳ4300 predicted ORFs (3); these data maintained the cellular stoichiometry when acquiring the data and included the interactions within large complexes. The details of the differences between the two PPI networks and the reasons for using that of Butland et al. (4) are described in supplemental Table 2 . In this data set, the minimal protein components, of which 91% (83 of 93) were present in this network, were shown to interact directly with 423 proteins (see supplemental Table 3 for details regarding the number of proteins in the PPI network).
Within this PPI network, we first investigated the distance from each modifier to the closest minimal protein components where the distance between two proteins is defined as the minimum number of links between the two. The distance distribution shown in Fig. 4A indicated that ϳ34% of the modifiers present in the PPI network were linked directly (i.e. showed physical contact) with the minimal protein components in the PPI network (Ⅺ and f), whereas the others were not. Furthermore beneficial (Ⅺ) and deleterious (f) components were found to have average distances of 1.69 and 1.76, respectively, to the closest minimal components, similar to the average distance from the entire protein complement (E) to the closest minimal components (1.73). In addition, no bias was found in the distance distribution of the modifiers compared with the entire protein, implying that modifiers were not clustering in close proximity to the minimal components in the PPI network. The protein synthesis reaction involves not only the protein components but also RNA and other low molecular weight substances. Therefore, functional modifiers do not necessarily have to interact with the minimal protein components; this in fact was the case. This is the first report of identification of the locations of functional modifiers of the protein translation system on the PPI network based on experimental results.
Topological Relationship between Modifiers and the Minimal Protein Components in the Protein-Protein Interaction
Network-As described in the previous section, the modifiers did not cluster in close proximity to the minimal components in the PPI network. This information alone does not provide a topological relationship between modifiers and the minimal protein components in the PPI network. For example, it could be explained by the clustering of the minimal components and the modifiers separately but with the two clusters being distant from each other. Alternatively the minimal components may be highly clustered with each other, whereas the modifiers may be spread across the entire network. To obtain further insight into the topological relationships between modifiers and minimal protein components in the PPI network, we thus investigated whether the proteins in the same group (minimal components versus modifiers) were clustered in the PPI network. The distributions of the distances between all protein pairs in the same group are shown in Fig. 4B . The distance between two proteins is defined as the minimum number of links between the two. From the distance distribution, beneficial (Ⅺ) and deleterious (f) components were found to have average internal distances of 3.62 and 3.51, respectively, similar to that of the entire protein complement (E), which was found to be 3.60. On the other hand, minimal components (F) were found to have an average distance of 
FIG. 4.
The protein synthesis system in the PPI network. A, the distribution of the distances from each protein to the nearest minimal components. B, the distribution of the distances between all protein pairs in the same group. The differences in the internal distance with the minimal components and the modifiers were confirmed by an unequal variance t test (p ϭ 2.2 ϫ 10 Ϫ16 ).
2.34. These results indicate that although the minimal components were highly clustered with each other modifiers were spread across the entire network as the distance distribution and mean distance between all protein pairs within beneficial and deleterious components were similar to those of the entire protein complement (Fig. 4B) .
The minimal protein components were clustered, and modifiers were not in close proximity to the minimal protein components but were instead distributed across the entire network. From these observations (Fig. 4, A and B) , a schematic of topology of the protein synthesis system in the PPI network was drawn (Fig. 5) . The inner and outer circles of the modifiers are those that interact directly or indirectly with the minimum protein components, respectively. PPI data have been suggested to include false positives (40, 41) . It is also possible that the fraction of modifiers was underestimated because our assay was performed with one particular protein, GFP, and required the ORF products to be expressed in their functional form in vitro. These two considerations may affect the topology of the PPI network. However, as the distance distribution of modifiers was nearly identical to that of the entire protein complement (Fig. 4) , the topology identified above will not be affected by the presence of errors in the network unless the locations of the false negatives or positives are highly biased to show a certain distance from the minimal components. Thus, we concluded that errors in the PPI network as well as the underestimation of the fraction of modifiers are unlikely to affect the identified topological structure of the protein synthesis system in the PPI network shown in Fig. 5 .
Evolutionary Relationship between Minimal Components and the Modifiers of the Protein Synthesis System-To obtain insight into the evolution of the protein translation system and its relationship with the topology in the PPI network described above, we investigated how each E. coli protein is conserved among bacterial species. As a measure, we used the Microbial Genome Database (22) and obtained the number of bacterial species among 166 included in the orthologous groups where each E. coli ORF is classified. Fig. 6 shows that the minimal protein components, highly clustered in the PPI network, were highly conserved among bacterial species. On the other hand, beneficial and deleterious components, distributed evenly across the entire PPI network, were not as conserved as the minimal components, indicating that most but not all of the modifiers appeared later than the minimal components. A possible interpretation of this observation in relation to the evolution of the protein synthesis system is discussed below. We located these at the center, and the modifiers are outside as they were distributed evenly across the entire network. The inner circle shows the modifiers that were found to interact directly with the minimal protein components in the PPI data. The outer circle shows the other modifiers for which direct interactions were not detected but were present in the PPI data. Green and yellow circles indicate the beneficial and deleterious protein components, respectively. Gene names are also shown.
DISCUSSION
The protein translation reaction, one of the most important regulators of cell behavior, can be operated by 91 protein components (55 ribosomal proteins ϩ 36 factors), representing only 2.1% of the entire complement of ORFs in E. coli. Through comprehensive analysis, we showed experimentally that at least 12% of the E. coli genes affected the activity of the minimal protein synthesis system (Fig. 1C) . By mapping the modifiers and the minimal components on the E. coli PPI network, we found that the functional modifiers are not necessarily linked physically with the minimal proteins but are instead spread across the entire PPI network (Fig. 4A) . We also found that the minimal components are clustered in the network, whereas the modifiers tend to be distributed across the entire network (Figs. 4B and 5) .
We showed that 12% of E. coli genes interact with the protein synthesis system composed of a minimal number of protein components. Our results shown in Fig. 1C are likely to be highly reliable for several reasons. First, measurement errors were smaller than the variety obtained by using different ORFs (Fig. 1, B and C) . Second, ORF products that are expected to suppress the translation reaction were indeed found to be deleterious (Fig. 1C, inset) . Third, ORF products that were found to be beneficial to the translation reaction through high throughput screening (Fig. 1C) were indeed found to show such effects as confirmed by adding the purified proteins (Fig. 2) . Finally functional classification charts of the modifiers were different from those of the entire data set (Fig. 3) . From these observations, although the 12% may include false positives, we concluded that a substantial fraction of the ORFs identified as interacting with the translation reaction are reliable. However, it should be noted that 12% is the minimum value as our assay was performed with one particular protein, GFP, and more importantly our assay requires the ORF products to be expressed in vitro and also in functional form. We used a tetracysteine tag (17, 18) to obtain qualitative data regarding whether the ORFs are expressed and found that more than 98% of ORF products gave detectable signals (supplemental Fig. 2A ). Moreover as three arbitrarily chosen ORF products were expressed in the M range in vitro (supplemental Fig. 2B ), a substantial fraction is likely to be expressed to such an extent. However, it is also possible that proteins were not expressed functionally because of the lack of subunits with which to assemble or because of the inappropriate environment, resulting in false negatives. False negatives can also appear if the ORF products were not expressed at appropriate levels. For example, we identified HrpA as a beneficial modifier; however, if its expression level had been either significantly higher or lower, HrpA would have been assigned as a deleterious component or as one with no effect, respectively, on the GFP synthesis reaction ( Fig. 2A) . False positives and false negatives occur in our assay for example because of the above reasons. Nevertheless as we consider the fraction of false positives to be small, at least 12% of the genes, and very likely more, interact with the minimal protein synthesis system, although the underestimation is unlikely to affect the topology as described under "Results." Here components interacting with the minimal protein synthesis system were defined as those that modified the protein synthesis activity without distinguishing how the activity is modified. Although there are number of possible ways to modify the activity of the system, we are not yet able to demonstrate how each modifier affected the reaction. Nevertheless we successfully determined the fraction of the entire ORF products that had an effect on the GFP synthesis reaction.
What does the location of the functional modifiers on the PPI network tell us? One possibility is that this is a reflection of the evolutionary process of the protein synthesis system. We investigated how each E. coli protein is conserved among bacterial species using the Microbial Genome Database (22) , and we found that minimal components were highly conserved, whereas most of the beneficial and deleterious components were not conserved to such an extent (Fig. 6) , indicating that most but not all appeared later than the minimal components. Thus, the identified locations of the modifiers relative to the minimal protein synthesis system in the PPI network (Fig. 4, A and B) suggest that such attachment has occurred not within the network composed of minimal components but mostly on the outer network. These observations further suggest that the protein synthesis system may have evolved by first establishing a system with minimal components and then adding components further outside rather than integrating them into the network composed of the minimal components.
Previously it was reported that modification of the center of the network, which is comprised of proteins with a high de- gree of connectivity (i.e. a number of interacting proteins), tends to alter the network properties markedly, often resulting in collapse of the system (42, 43) . Although still controversial (44, 45) , theoretical studies have suggested a negative correlation between evolutionary rate and connectivity (46, 47) . There seems to be difficulty in accumulating mutations in proteins with higher connectivity as these proteins are often important for maintenance of the system (42) . Minimal protein components were reported to exhibit high degrees of connectivity (4) . Therefore, difficultly in modification of the network composed of minimal components can be expected, and this may be the reason why we found the modifiers to be attached to the outside of the network composed of the minimal components rather than integrated within the center of the network.
Additivity of the effects of the beneficial components on the GFP synthesis reaction, shown in Fig. 2C , may also be important for evolution of the protein synthesis system. If the effects are additive, addition of a beneficial modifier to the system is unlikely to suppress the effects of those attached previously. Thus, additivity will allow a gradual increase in function of the system by incorporation of modifiers. Otherwise the system would need to conduct a combinatory search for sets of components capable of acting together to have a beneficial effect. Therefore, after its establishment with the minimal components, the protein synthesis system may have evolved gradually by incorporation of modifiers without damaging the network constructed by the minimal components.
In summary, we have obtained a data set of the effects of 4194 E. coli ORF products on the protein synthesis reaction, mapped the components involved in the reaction on the PPI network, and discussed the possible scenario of the protein translation system in the PPI network. The comprehensive data obtained in this study will be useful in future studies on individual proteins as well as functional genomics and systems biology. Although we are still at the starting point of investigating the precise roles of the modifier proteins on the reaction, combining the experimental data with the PPI network may provide insight into how these proteins interact with the translation machinery. Moreover our data may be useful not only for technologies utilizing in vitro translation systems (19, 48, 49) but also for designing in vitro translation systems with significantly improved performance than those available at present and also for protein production in vivo, such as by coexpressing beneficial components together with a protein of interest.
